Abstract-This research involves the fabrication of encapsulated air-channels via acid-catalyzed degradation of photosensitive polycarbonates (PCs). There is a need for lower-temperature, degradable polymeric materials to fabricate buried air-channels for microelectromechanical systems (MEMS), microfluidic devices, and micro-reactors. Some polycarbonates undergo thermolytic degradation in the temperature range of 200 to 350 C. These polycarbonates are also known to undergo acid-catalyzed decomposition in the presence of catalytic amounts of acid. A small percentage of an acid in the polycarbonate formulation can greatly reduce the onset of decomposition temperature to the 100 to 180 C temperature range. The photoacid and thermalacid induced degradation behavior of PCs and its use as a sacrificial material for the formation of air-gaps have been studied in this work. The decomposition of several polycarbonates with the aid of in situ generated photo-acid has been demonstrated and applied to the fabrication of micro air-channels. Based on FT-IR, mass spectrometry, and thermogravimetric analysis (TGA), a degradation mechanism was proposed.
I. INTRODUCTION
A WIDE spectrum of microelectronic and microelectromechanical systems (MEMS) applications has increased the need for lower-temperature, thermally decomposable sacrificial materials. This includes fabrication of air-gaps in electrical interconnects, MEMS, microfluidic devices, and micro-reactors. The formation of air-gaps is important in electrical interconnects because it lowers the effective dielectric constant of the matrix [1] - [5] . The fabrication of buried air-channels is useful for the creation of vias in multi-level wiring boards, micro-display boards with high resolution, and ink-jet printer heads. In MEMS technology, the fabrication of micro air-cavities may alleviate the stress associated with thermal expansion of materials and also can act as a temperature-activated release material. Microfluidic devices and microreactors, fabricated with air-gap technology can be used for miniature-scale chemical syntheses, medical diagnostics, and micro-chemical analysis and sensors [9] , [10] . These applications require the formation of buried microchannels in several different materials at a variety of temperatures. Recently, Harnett et al. [6] demonstrated the use of polycarbonates as a sacrificial material in fabricating nanofluidic devices by electron beam lithography. Lee and Gleason reported [7] the fabrication of air-gaps using the hot-filament chemical vapor deposition of polyoxymethylene as a sacrificial layer. Also, Moore et al. used highly structured dendritic material, specifically, hyperbranched polymers as a dry-release sacrificial material in the fabrication of cantilever beam [8] . Previous work by Kohl et al. has demonstrated the fabrication of air-gaps using nonphotosensitive sacrificial polymers that decompose in the range 250-425 C [1] , [4] . Fig. 1 shows the previously proposed method for the buried air-cavity formation using a hard mask, photoresist, and reactive ion etching for patterning. The proposed processing methods use photosensitive polycarbonates for the fabrication of air-gaps. This greatly lowers the decomposition temperature of the sacrificial material and also reduces the number of processing steps required for fabrication, as shown in Fig. 2 . In Fig. 2 (a) and (b), the simplified process sequences using photosensitive (positive tone) sacrificial material were shown. Upon exposure to ultraviolet (UV) irradiation, the polymer becomes more thermally unstable, allowing selective decomposition of the exposed areas. These areas can be removed prior to encapsulation (see Fig. 2 -Method 1) or following encapsulation (see Fig. 2 -Method 2). The fabrication method chosen results in a different final structure. Thus, the photoacid-induced thermal decomposition of the polymer allows a greater variety of structures to be built than with the nonphotosensitive process, for a wider range of applications and encapsulating materials.
Photolytically or thermally labile polymers and composites find numerous applications in the fields of coatings and resist materials due to their rapid change in properties when exposed to UV irradiation or heat. Polycarbonates undergo thermolytic degradation upon heating to 200 to 350 C. Introducing a photo-acid generator (PAG) such as, diphenyliodonium or triphenylsulphonium salts into the polycarbonates, results in a UV sensitive material. Upon irradiation to UV light, the triphenylsulphonium or diphenyliodonium salts undergo a photolysis reaction. The organic cation of the PAG decomposes and a strong Brφnsted acid is generated [11] . The protonic acid catalyzes the degradation of polycarbonate in the subsequent process at a lower temperature than the acid-free polymer. Taylor reported [12] the elimination of carbonates through a polar transition state. Higher reaction rates are based on the more polar transition state which occur in the following order primary secondary tertiary. Also, the presence of a hydrogen in the carbonate group facilitates the elimination of carbon dioxide. Inoue and Tsuruta reported [13] the synthesis and thermal degradation of carbon dioxide-epoxide copolymers and proposed a thermal degradation mechanism. Frechet et al. reported [14] the acid-catalyzed thermolytic decomposition of polycarbonates using photoactive triarylsulphonium salts and demonstrated photopatterning using these materials. Narang and Attarwala synthesized a variety of polycarbonates incorporating tertiary diols as photoresist materials for the deep UV and mid UV microlithography in the presence of diaryliodonium and triarylsulphonium salts [15] .
The sacrificial polymeric material and surrounding encapsulating material must meet certain requirements for the buried aircavity fabrication process. In the case of sacrificial materials, for buried air-channels, the PAG in the formulation must be able to produce an acid upon irradiation to UV light. The sacrificial material shoulddecompose in a narrow temperature range leavinglittle or no solid residue either from the polymer or the PAG. The degradation products of the sacrificial material need to be volatile, and the products should have the ability to permeate through the fullydensified overcoat material. The thermal decomposition temperature (nonirradiated) of the PAG should be much higher than the photo-induced acid-catalyzed decomposition temperature of the polymer material so that the UV exposed area preferentially decomposes. The sacrificial materials must also have sufficient adhesion to substrates. The overcoat material must provide good mechanical strength to span the air-gap without sagging during or after fabrication. The curing or deposition temperature of the overcoat material must be below the decomposition temperature of the formulated sacrificial material. Also, the overcoat material must have adequate permeability to the volatile decomposition products from the sacrificial material.
We have recently reported the use of polycarbonates (PC) as thermally decomposable sacrificial materials to form air-gaps in dielectric materials which are available from Promerus LLC as Unity 200P Sacrificial Polymers [3] . This paper reports the decomposition behavior of a variety of polycarbonates with the aid of PAGs. A simple demonstration of the formation of air-gaps using a photosensitive polypropylene carbonate formulation (polypropylene carbonate DPI-TPFPB or TTBPS-TPFPB) material has been performed using Avatrel EPM and Avatrel 2000P (Promerus LLC) as the encapsulating materials. Mechanisms for the photo-acid catalyzed and thermal-acid induced decomposition of PCs have been proposed.
II. EXPERIMENTAL

A. Reagents and Instruments
Polypropylene carbonate (PPC) with a weight-average molecular weight of 50 000 was obtained from Aldrich Chemical Company. Polyethylene carbonate (PEC) and polycyclohexanepropylene carbonate (PCPC) were obtained from Q-PAC polymers and the structures were confirmed by FT-IR and NMR spectroscopy. Polycyclohexane carbonate (PCC) and polynorbornene carbonate (PNC) were synthesized at Promerus LLC (Brecksville, OH 44141). Cyclohexene oxide and 2-(3,4-epoxycyclohexyl)-ethyl-trimethoxysilane were purchased from Aldrich and Fluka, respectively. Instrument grade (4.0) carbon dioxide was purchased from Praxair. The commercially available PAGs used in this work include tetrakis(pentafluorophenyl)borate-4-methylphenyl[4-(1-methylethyl)phenyl iodonium (DPI-TPFPB), tris(4-t-butylphenyl)sulfonium tetrakis-(pentafluorophenyl)borate (TTBPS-TPFPB) and tris(4-t-butylphenyl)sulfonium hexafluorophosphate (TTBPS-HFP). The anisole and propylenecarbonate solvents were obtained from Aldrich Chemical Company and used without further purification.
The proposed fabrication sequence is shown in Fig. 2 using two methods. Method 1 required six steps.
1) The PC: PAG (12-20 wt% PC; 3-5 wt% PAG based on polymer mass only) mixture in solvent was spin-coated onto a silicon wafer. 2) The wafer was then soft-baked on a hotplate at 110 C for 10 min and the thickness of the polymer film was measured using a Tencor Alphastep profilometer.
3) The deep UV exposures (240 nm) were performed using a Karl Suss MJB 3 mask aligner. Exposure doses were measured by an UVX radiometer with a 240 nm probe. 4) The film was baked at 110 C for 1-10 min to decompose the exposed area. 5) This was followed by the encapsulation of the sacrificial material with Avatrel dielectric polymers (PROMERUS, LLC.). 6) The unexposed area was decomposed to form the air-gaps by heating at 170 C for 1-10 h in a nitrogen-purged Lindberg tube furnace.
Method 2 required five steps.
1) The PC: PAG mixture in solvent was spin-coated onto a silicon wafer. 2) The wafer was soft-baked on a hotplate at 110 C for 10 min and the thickness of the film was measured using a Tencor Alphastep profilometer. 3) The film was UV irradiated (240 nm) using a Karl Suss MJB 3 mask aligner. 4) The Avatrel overcoat material was then spin-coated onto the wafer. 5) The exposed areas were selectively decomposed to form air-gaps in a tube furnace at 110 C for 30 min. The unexposed PC remained as part of the final structure.
A wide range of aspect ratios and air-gap sizes can be fabricated [3] , [4] . Features ranging from 10 nm to mm have been fabricated. Generally, longer decomposition times are required for larger and thicker air-gap structures. The fabrication process has been used with a variety of glasses, polymers, and metals [3] , [4] . Thermogravimetric analysis was performed on PC films in a nitrogen atmosphere using a Seiko TG/DTA 320. Dynamic TGA experiments were performed at the rate of 1 C/min from 30 to 450 C. Fourier Transform Infrared Spectroscopy (FT-IR) spectra were recorded with a Nicolet 520 spectrophotometer (at room temperature with 128 scans) to study the decomposition behavior of the polypropylene carbonate. Gas chromatography-mass spectrometry (GC-MS) experiments were performed with a 70-SE mass spectrometer (VG Instruments) to investigate the acid-induced thermal decomposition of polypropylene carbonate. H NMR analyses were performed with a Bruker AMX 500 NMR spectrometer. Size exclusion chromatography data were obtained on a Waters SEC System. Glass transition measurements were recorded using a Perkin-Elmer DSC7 instrument.
B. Synthesis of Poly(cyclohexenecarbonate) (PCC)
The catalyst difluorophenoxide Zn THF used for the polymerization reaction of PCC was prepared following a method in the literature [16] . 1.0 g of this Zn catalyst was mixed with 175.0 g of cyclohexene oxide under nitrogen. The mixture was then transferred to a 500 mL stainless steel pressure reactor. CO was introduced and the pressure was increased to 780 psi. The reaction mixture was heated to 80 C and allowed to react for 48 h. The mixture was then cooled, drained from the reactor, diluted with THF, and poured into methanol to precipitate the polymer resulting in a yield of 128 g. The chemical shift values, (ppm) from the proton nuclear magnetic resonance spectra ( H NMR (500 MHz, CDCl ) are as follows: 1.00-2.30 (m, C ), 4.63 (s, C ), 4.67 (s, C ). A small amount of an ether linkage (8%) was apparent from the broad peaks between 3.40-3.70 ppm. The infrared spectrum exhibited a v C O band at 1750 cm . SEC (THF, polystyrene standard) gave a weight average molecular weight of 125 000 Mw Mn . DSC analysis determined that the glass transition temperature (Tg) was 115 C.
C. Synthesis of Poly(norbornenecarbonate) (PNC)
The precursor namely, spiro[bicyclo[2.2.1hept-5-ene-2,5 -[1,3]dioxan]-2 -one was prepared according to literature procedure described elsewhere [17] . It was hydrogenated (70 psi) using [ (1,5- 
III. RESULTS AND DISCUSSION
A. Acid-Catalyzed Decomposition of Polycarbonates Under Different Conditions
Acid-catalyzed decomposition of five polycarbonates available as Unity 200P Sacrificial Polymers has been studied via TGA. Fig. 3 shows the chemical structures of the five PCs. Fig. 4 shows the different PAGs used in this work. In order to be used for the fabrication of air-gap structures, the degradation temperature of the PC is critical. Table I shows the half-decomposition temperatures, T (T : temperature at the 50% weight loss) of PCs under different experimental conditions. Thin layers of PCs containing sulphonium or iodonium salts were irradiated with a 1 J cm (240 nm) UV light or thermally activated without UV exposure. The UV exposure resulted in the photolytic decomposition of the PAG to generate a protic acid in the polymer matrix. The activated (photolytically or thermally) PC sample was analyzed by dynamic TGA, and the corresponding T is reported in Table I. T for the photo-induced acid catalyzed decomposition of the PC (PIAD), the thermally induced acid catalyzed decomposition of the PC (TIAD) (i.e., PC and PAG mixture without UV exposure), and the thermal decomposition of the PC (TD) are shown in Table I . In all cases, photolytic PC:PAG decomposition results in a lower decomposition temperature. For TIAD, the acid was produced thermolytically in the polymer matrix as the decomposition temperature of the PAG was reached, resulting in the acid catalyzed decomposition of the polymer. It is clear from the Table I that the PAG-induced decomposition significantly lowers the decomposition temperature of the PC for the photolytic decomposition of the PAG, and sometimes for the thermolytic decomposition of the PAG. The T was lower for the photolytic case than the thermolytic case because the acid catalyzed PC decomposition temperature was lower than the thermolytic PAG decomposition temperature. Further manipulation of the decomposition temperatures could occur by controlling the concentration of the PAGs. Fig. 5 illustrates the dynamic TGA results specificially for a PPC:PAG mixture (12 wt% PPC). The samples were prepared by spin-coating the polymer in anisole onto a silicon wafer, soft baking on a hotplate at 110 C for 10 min to evaporate the solvent and then exposing, where applicable, to 1 J cm of 240 nm UV irradiation. The samples were then removed from the silicon and analyzed by dynamic TGA ramping from 30 to 450 C at the rate of 1 C under a nitrogen atmosphere. Fig. 5 shows the TGA thermograms for (a) PPC:PAG after UV irradiation, (b) PPC:PAG without UV irradiation, (c) PPC without PAG, and (d) PPC without PAG, but with UV irradiation. As shown in Fig. 5(a) , the onset temperature for the photo-acid induced decomposition was found to be 80 C, and the T was 100 C. The decomposition was complete at 230 C with less than 3 wt% residue in the TGA pan. When the polycarbonate material was not UV irradiated [see Fig. 5(b) ], decomposition occurred via the thermolytically induced PAG acid generation once the temperature reached the decomposition temperature of the PAG. The decomposition occurred in a narrow temperature range from the onset at 168 C. At 230 C, the thermal-acid induced decomposition was complete with less than 1.5 wt% residue. The decomposition behavior of PPC without PAG is shown in Fig. 5(c) , and the T was found to be 210 C. At 230 C, 19 wt% of the mass remained in the pan. The decomposition was complete at 287 C with 3 wt% residue. At 350 C, the weight percentages of the residues were 1.79%, 0.12% and 0.37% for (a), (b), and (c), respectively, under the same experimental conditions. The decomposition behavior of PPC film without PAG but exposed to UV irradiation [see Fig. 5(d) ] was found to be similar to that of the non-UV irradiated PPC film. This shows that no change occurred in the PPC upon UV irradiation without PAG. Thus, the photo-acid induced decomposition of the polycarbonates significantly lowers the decomposition temperatures; however, it leaves more residue than the thermolytically induced acid-catalyzed decomposition or thermolytic decomposition of polypropylene carbonate alone. The residue level can be brought to less than 1 wt% by lowering the percentage of PAG level in the formulation for the acid catalyzed degradation. Fig. 6 shows positive-tone patterns obtained using PPC (12 wt%):DPI-TPFPB (5 wt% of PPC) formulation in anisole. The solution was spin-coated onto a silicon and soft-baked on a hotplate at 110 C for 10 min to achieve a thickness of 1.58 m. The film was UV irradiated through a clear-field quartz mask with a dose of 1 J cm (240 nm). The film was dry-developed by post-exposure baking at 110 C on a hotplate for 3 min. At 110 C, the UV generated acid induced the decomposition of the PPC. Fig. 7 shows SEM micrographs of lithographic images produced using a dark-field mask. The process was repeated as above except a PPC (20 wt%):DPI-TPFPB (5 wt % of PPC) in anisole formulation was used to achieve a 5.45 m thick film. The circles and squares are the areas in which the PPC has been decomposed and removed.
B. Thermogravimetric Analysis of Polypropylene Carbonate Film
C. Photopatterning and Fabrication of Air-Gaps Using Photosensitive Polycarbonates
Air-gaps were fabricated via the process flow using Method 1 described in Fig. 2 using the photosensitive polycarbonates as the sacrificial polymeric material. Two different encapsulating materials were used: Avatrel EPM and Avatrel 2000P (PROMERUS, LLC.). First, the photosensitive PPC (12 wt%):DPI-TPFPB (5 wt% of PPC) formulation was spin-coated onto a silicon wafer and softbaked on a hotplate at 100 C for 10 min to achieve a thickness of 5.45 m. The photosensitive film was photopatterned using a clear-field mask having lines/space pattern with 70 m wide lines and 35 m wide spaces. This was followed by a postexposure bake at 110 C for 1-10 min to decompose the UV-irradiated area. The Avatrel EPM encapsulating material was then spin-coated and softbaked on a hotplate at 80 C for 5 min. The unexposed area was later decomposed in a Lindberg horizontal tube furnace at 150 C for 4 h under nitrogen. Fig. 8 shows a cross-sectional scanning electron micrograph (SEM) image of the 70 m wide resulting air-channel structure encapsulated by 3.9 m Avatrel EPM dieletric material. A similar fabrication process sequence was followed using Avatrel 2000P as the encapsulating material. However, after spin-coating Avatrel 2000P, the film was UV irradiated with 1 J cm at 365 nm and postexposure baked in an oven at 110 C for 30 min. This was necessary to crosslink the Avatrel 2000P polymer. The resulting thickness of the overcoat was 9.3 m. The unexposed sacrificial polycarbonate was then decomposed in a Lindberg horizontal tube furnace at 170 C for 1 h under nitrogen. Fig. 9 shows an SEM image of the resulting 70 m wide buried air-channel in Avatrel 2000P encapsulant. The air-channels were clean from visible debris, which shows the permeability of the volatiles through the encapsulating polymeric material.
Air-channels were also fabricated via the process flow using Method 2 described in Fig. 2 using a PPC:TTBPS-TPFPB formulation as the sacrificial material. The PAG, TTBPS-TPFPB, was chosen because it thermally decomposes at a higher temperature than the DPI-TPFPB. The higher decomposition temperature PAG is needed so that the unexposed region of the sacrificial material is left intact while the exposed area is selectively decomposed. The decomposition temperature of TTBPS-TPFPB was found to be 190 C from the differential scanning calorimetry (DSC). Buried air-channels in Avatrel EPM encapsulant were fabricated using the process sequence described as Method 2 of Fig. 2 . A PPC (20 wt%):TTBPS-TPFPB (5 wt% of PPC) formulation was spin-coated onto a silicon wafer and softbaked on a hotplate at 110 C, resulting in a thickness of 5.45 m. The photosensitive PPC film was irradiated ( J cm ; 240 nm) through a clear-field mask having with a line/space pattern of 100 m wide lines and 240 m wide spaces. The Avatrel EPM encapsulant was then spin-coated and softbaked at 80 C for 5 min to remove any solvent from the encapsulating layer. The exposed area was then selectively decomposed by heating at 110 C for 30 min in a tube furnace under nitrogen to form air-gaps.
D. FT-IR Analysis of the Decomposition of Polypropylene Carbonate Film
The acid catalyzed decomposition of PPC (12 wt%):DPI-TPFPB PAG (5 wt% of PPC) was studied by FT-IR. The polycarbonate solution was spun onto a NaCl plate and soft baked on a hotplate at 110 C for 10 min. The thickness of the film was measured to be 1.45 m. The FT-IR spectrum of the unexposed film was recorded as shown in Fig. 10(a) . The film was then exposed to UV light (1 J cm ; 240 nm) and scanned again [see Fig. 10(b) ]. The film was postexposure baked on a hotplate at 110 C for 2 h [see Fig. 10(c) ]. In Fig. 10(a) , the absorptions at 2990 cm , 1470 cm and 1250 cm were assigned to C-H stretches, C-H bending and C-C stretching of the PPC, respectively. A strong absorption band at 1750 cm corresponds to C O stretch of the PPC. On examining the UV-exposed PPC film [see Fig. 10(b) ], no specific transformation in the chemical structure has occurred, except that the photosensitive acid generator was activated during irradiation. The intensities of all peaks were nearly zero after the final bake at 110 C [see Fig. 10(c) ]. This is due to the decomposition of the PPC into volatile products.
E. Decomposition of Polypropylene Carbonate Monitored by Mass Spectrometry
Mass spectrometry (MS) using electron impact ionization was employed to detect the evolved species during the depolymerization and volatilization process. Three samples were analyzed to determine the nature of the chemical species that were produced during degradation. In the first case, the PPC (12 wt%): DPI-TPFPB (5 wt% of PPC) formulation was spin-coated onto a silicon wafer, soft-baked on a hotplate at 110 C for 10 min, then irradiated with 1 J cm UV irradiation at 240 nm. In the second case, the sample was prepared as above, but was not UV irradiated. In the third case, to study the volatiles evolved from the polypropylene carbonate without an acid generator, a sample was made from the solution that contained only PPC. This PPC film was not UV irradiated. The films were removed from the silicon and analyzed by GC-MS to study the evolution of volatiles under different conditions. The samples were ramped at 5 C/min from 30 to 110 C and held for 30 min followed by a ramp at 15 C/min to 300 C and a hold for 20 min.
The mass spectrum data for the decomposition of PPC:DPI-TPFPB formulation with UV exposure shows the ion current for a mass-to-charge ratio (m/z) of 58 and 102 which correspond to acetone and propylene carbonate, respectively. Scans of the UV irradiated photosensitive polycarbonate sample are shown in Fig. 11(a)-(c) . These scans at different intervals of time during the degradation process reveal the evolution of these two prominent species. Fig. 11(a) also shows other species at m/z 43.1, 40.1 and 36.1 which corresponds to the fragmentation products of acetone. The m/z 58 peak may also correspond to the formation of CH CH CHO. Fig. 11(b) shows other high intensity volatiles corresponding to the molecular weights 43, 57, and 87, which are the fragmentation products of the propylene carbonate and may be assigned to ethylene oxide, propylene oxide and ethylene carbonate, respectively. The mass spectrum at 63 C is presented in Fig. 11(c) . The high intensity peak at 168 m/z can be assigned to a decomposition fragment of the PAG. This matches the mass of pentafluorobenzene HC F which is the derivative fragment of the anion of the photoacid, tetrakis(pentafluorophenyl)borate B C F . This was confirmed by pyrolysing the photoacid (dissolved in anisole) which exhibited a strong mass peak at 168 m/z at 67 C. Toba et al. have also reported [18] that the tetrakis(pentafluorophenyl)borate anion can decompose on heating to yield pentafluorobenzene and tri(pentaflurophenyl)borate. The reaction includes the volatiles of particular interest that evolved from the degradation of the polycarbonate formulation. The suspected reaction products are shown in Fig. 14 . The biphenyl derivative (m/z 210) and the pentafluorobenzene (m/z 168) resulted from the decomposition of the PAG, DPI-TPFPB. The other fragments having m/z values 137, 116, and 98 are the degradation products of the PPC. At higher temperatures, small amounts of higher molecular weight fragments were observed. These may have resulted from more complex fragmentation patterns.
The mass spectrum of the PPC formulation without UV exposure is shown in Fig. 12 and shows similar fragmentation patterns with that of PPC formulation with UV irradiation. Specifically, m/z peaks at 58 and 102 were observed, corresponding to acetone and propylene carbonate, respectively. The peak at m z may also correspond to CH CH CHO. This confirms that the acid catalyzed PPC decomposition is the same for photolytic or thermal activation of the PAG. The mass spectrum of the PPC without acid (and without UV irradiation) is shown in Fig. 13 . The mass peak at m z at 145 C can be assigned to propylene carbonate (as with the acid catalyzed PPC). The other mass peaks at 87, 57, and 43 can be assigned to the propylene carbonate fragments: ethylene carbonate, propylene oxide, and ethylene oxide, respectively.
F. Mechanism for the Acid-Catalyzed Decomposition of Polypropylene Carbonate
In our present study, the MS data shows that the degradation of polypropylene carbonate is initiated by the in-situ acid generated from the PAG either photolytically or by thermal heating. Inoue et al. studied the thermal degradation behavior of polypropylene carbonate via pyrolysis-GC [13] . They suggest that the degradation of PPC may take place in two stages: the scission reaction of the polymer chain followed by the unzipping reaction. Under pyrolysis at 180 C, they observed that polypropylene carbonate gave propylene carbonate. Further, the propylene carbonate was fragmented as CO and propylene oxide. In this investigation, the evolution of the two prominent species, acetone and propylene carbonate from the degradation of polypropylene carbonate formulations (with and without UV irradiation) led us to propose a dual pathway degradation mechanism. Fig. 15(a) describes the decomposition of the DPI-TPFPB PAG. On exposure to 240 nm UV irradiation, the cation part of the PAG decomposes to produce a proton that pairs with the complex anion to form a protic acid. In this mechanistic scheme, RH is a donor of protons either from the solvent or the polymer itself. The decomposition of iodonium salts can be achieved by either UV exposure or by thermal break down of the cation/anion pair of the iodonium salt. Thus, the iodonium salt can act as a photo-acid generator as well as a latent thermal-acid generator. It was also reported by Crivello et al. [19] that identical reaction products were obtained when onium salts were decomposed either photolitically or thermally. Fig. 15(b) describes the proposed mechanism for the acid catalyzed decomposition of polypropylene carbonate. During post-bake, the H from the generated acid H X protonates the carbonyl oxygen and further rearranges the polar transition state leading to the formation of unstable tautomeric intermediates-, [A] and [B] . From the mass spectrum we observed a strong mass peaks at 58 m/z and 102 m/z which was assigned for acetone and propylene carbonate, respectively. The acetone may be formed as the intermediate [A] (Path 1) rearranges and fragmenting as acetone and CO . The formation of propylene carbonate may be attributed to the intramolecular attack of the anion of the intermediate [B] (Path 2a) leading to the formation of the cyclic propylene carbonate. This further breaks down thermally into propylene oxide and CO . The mass peaks at 43 m/z and 57 m/z confirm the formation of ethylene oxide and propylene oxide, respectively. It is also reasonable to propose an alternative route for the formation of propylene carbonate in this highly acidic environment. The H may activate the terminal double bond (Path 2b) leading to the formation of a cyclic transition state which on further rearrangement and abstraction of a proton by the counter ion X , may yield propylene carbonate. Further confirmation of the degradation via Path 1 is the formation of aldol condensation products. The mass peaks at 116 m/z and 98 m/z may be due to products that were produced due to the aldol condensation (see Fig. 16 ).
IV. CONCLUSION
The fabrication of air-gaps via acid-catalyzed degradation of polypropylene carbonate and PAG (DPI-TPFPB or TTBPS-TPFPB) formulations has been demonstrated. Based on the FT-IR and mass spectral studies, a detailed mechanism for the polypropylene carbonate and the DPI-TPFPB system has been proposed. The decomposition behavior of several different polycarbonate formulations has also been studied using TGA. The low decomposition temperatures provide a mechanism to tailor the decomposition temperature through PAG concentration or polycarbonate structure. It also provides a processing method to selectively decompose areas through photoexposure and makes these materials a promising candidate for various microelectronic, microfluidic and MEMS applications. In particular, the insolubility of polycarbonates in the solvents used for Avatrel dielectric materials makes the combination especially valuable.
